Spirochaeta psychrophila sp. nov., a psychrophilic spirochaete isolated from subseafloor sediment, and emended description of the genus Spirochaeta An obligately anaerobic, psychrophilic spirochaete, strain MO-SPC1 T , was isolated from a methanogenic microbial community grown in a continuous-flow bioreactor. Originally, this community was obtained from subseafloor sediments off the Shimokita Peninsula of Japan in the north-western Pacific Ocean. The cells were motile, Gram-stain-negative, helical, 0.25-0.55¾3.6-15 mm, with a wavelength of approximately 0.5-0.6 mm. Strain MO-SPC1 T grew at 0-18 6C (optimally at 15 6C), at pH 6.0-7.5 (optimally at pH 6.8-7.0) and in 20-70 g NaCl l "1 (optimally at 30-40 NaCl l "1 ). The strain grew chemo-organotrophically with mono-, di-and polysaccharides. The major end products of glucose fermentation were acetate, ethanol, hydrogen and carbon dioxide. The abundant polar lipids of strain MO-SPC1 T were diphosphatidylglycerol, phosphatidylglycerol, unknown phospholipids and an unknown lipid. The major cellular fatty acids (.5 % of the total) were C 14 : 0 , C 16 : 0 , iso-C 13 : 0 , iso-C 14 : 0 , iso-C 15 : 0 , anteiso-C 13 : 0 and anteiso-C 15 : 0 . To the best of our knowledge, this is the first report of the fatty acids iso-C 13 : 0 and anteiso-C 13 : 0 from a species of the genus Spirochaeta. Isoprenoid quinones were not found. The G+C content of the genomic DNA was 39.8 mol%. 16S rRNA gene sequence-based phylogenetic analysis showed that strain MO-SPC1 T was affiliated with the genus Spirochaeta, and its closest relatives were Spirochaeta isovalerica MA-2 T (95.6 % sequence identity) and Spirochaeta litoralis R1 T (89.4 %). Based on its phenotypic characteristics and phylogenetic traits, strain MO-SPC1 T is placed in a separate taxon at the level of a novel species within the genus Spirochaeta, for which the name Spirochaeta psychrophila sp. nov. is proposed, reflecting its true psychrophilic physiology. The type strain is MO-SPC1 T (5JCM 17280 T 5DSM 23951 T ). To our knowledge, this is the first report of an isolate of the phylum Spirochaetes from a deep-sea sedimentary environment, and of an obligately psychrophilic nature.
Members of the genus Spirochaeta have been isolated from a variety of anaerobic environments such as lake sediment, marine intertidal mud, oilfields and hot springs, and nearly 20 species have been characterized taxonomically at the time of writing (Leschine & Paster, 2010) . They are freeliving, chemo-organotrophic, obligately or facultatively anaerobic, helical bacteria. In addition, culture-independent molecular studies based on PCR-amplified 16S rRNA gene surveys have revealed over 100 phylotypes of not-yetcultivated species of Spirochaeta distributed widely in various anaerobic environments including deep-sea sediments (Leschine & Paster, 2010) . 16S rRNA gene sequences affiliated with the genus Spirochaeta have been detected frequently in marine subsurface sediments, although they are minor bacterial components in 16S rRNA gene phylotype communities (e.g. Inagaki et al., 2006; Inagaki & Nakagawa, 2008; Beal et al., 2009; Mills et al., 2012) . However, the first report on the isolation of a spirochaete from a deep-sea sedimentary environment was quite recent (Imachi et al., 2011) .
We successfully isolated a spirochaete, strain MO-SPC1 T , from subseafloor sediment samples collected off the shore of the Shimokita Peninsula of Japan, in the north-western Pacific Ocean (site C9001, 1180 m water depth) (Imachi et al., 2011) . Enrichment and isolation of the strain were achieved by a continuous-flow bioreactor approach. In a previous publication, we described the isolation of the micro-organism, but we did not characterize the strain completely (Imachi et al., 2011) . In this study, we describe details of the isolation procedure, as well as the morphological, physiological and genetic properties of strain MO-SPC1 T . Furthermore, we propose this strain as a member of a novel species of the genus Spirochaeta. This is the first formal description of an isolate of the phylum Spirochaetes from a deep-sea sedimentary environment.
The basal medium used in this study contained the following components (l 21 ): 0.53 g NH 4 Cl, 0.1 g KH 2 PO 4 , 4 g MgCl 2 . 6H 2 O, 1 g CaCl 2 . 2H 2 O, 25 g NaCl, 2 g NaHCO 3 , 0.15 g Na 2 S . 9H 2 O, 0.15 g cysteine hydrochloride, 1 ml trace element solution (Imachi et al., 2008) , 1 ml vitamin solution (Imachi et al., 2009 ) and 1 ml resazurin solution (1 mg ml 21 ). The primary enrichment culture was incubated anaerobically at 10 u C. For roll-tube isolation, solid medium was prepared by adding purified agar (agar noble; Difco) to the basal medium at a final concentration of 20 g l 21 . After isolation of the strain, all cultivations were performed at 15 u C in 50 ml serum vials containing 20 ml medium or 25 ml tubes containing 10 ml medium (final pH 7.2) under an atmosphere of N 2 /CO 2 (80 : 20, v/v) without shaking, unless otherwise stated. For evaluation of the growth rate of the isolate, we used a typical seawaterbased medium with the following components (l 21 ): 0.53 g NH 4 Cl, 0.1 g KH 2 PO 4 , 27.5 g NaCl, 0.7 g KCl, 5.4 g MgCl 2 . 6H 2 O, 6.8 g MgSO 4 . 7H 2 O, 1.4 g CaCl 2 . 2H 2 O, 2 g NaHCO 3 , 0.15 g Na 2 S . 9H 2 O, 0.15 g cysteine hydrochloride, 1 ml trace element solution, 1 ml vitamin solution and 1 ml resazurin solution. The same trace element, vitamin and resazurin solutions were used for the seawater-based medium described above. The serum vials and tubes were sealed with butyl rubber stoppers and aluminium crimp seals. Neutralized substrates were added to vials containing basal medium from stock solutions prior to inoculation.
Growth and substrate utilization were determined by monitoring the OD 600 . All incubations for substrate utilization tests were performed using exponentially growing pre-cultures (10 % inoculum, by vol.) maintained at 15 u C for over 1 month. Effects of temperature, pH and NaCl concentration on growth of strain MO-SPC1 T were determined in basal medium containing 10 mM sucrose plus 0.1 % (w/v) yeast extract (Difco). To determine the temperature range for growth, a temperature gradient incubator with a bio-photorecorder (model TVS126MA; Advantec) was used. The temperature was set at 5-20 u C. Temperatures below 5 u C (2 and 0 u C) were tested with other low-temperature incubators. The effects of pH and NaCl concentration on cell growth were monitored by measurement of the OD 600 using a spectrophotometer (DR/2500; HACH). To evaluate the pH range for growth, the medium was adjusted to pH 5.5, 6.0, 6.5, 6.8, 7.0, 7.2, 7.5, 8.0, 8.2 and 8.5 with 1 M HCl or 1 M NaOH in a room maintained at approximately 15 u C. The pH of the medium was monitored every 4 days during growth using a portable pH meter (Horiba Twin pH B-212), and the pH was readjusted by using HCl or NaOH if the initial pH had changed significantly. NaCl requirements were determined with concentrations from 0 to 80 g NaCl l 21 in the basal medium. Effects of antibiotics on growth were tested by supplementing the sucrose/yeast extract medium with each antibiotic at a final concentration of 50 mg ml 21 (10 mg ml 21 was also tested for rifampicin). All these growth tests were performed in triplicate culture vessels.
Cytochrome oxidase activity was determined by spreading cell pellets on oxidase test paper (Nissui Pharmaceutical). Catalase activity was determined based on O 2 bubble production in 3 % (v/v) H 2 O 2 solution (Barrow & Feltham, 1993) .
Cell morphology was examined under a fluorescence microscope (Olympus BX51F) with a colour CCD camera system (Olympus DP72). The Gram-staining reaction was performed by Hucker's method (Doetsch, 1981) . Transmission electron microscopy of negatively stained cells was conducted as described by Zillig et al. (1990) . Cells grown at 15 u C in the mid-exponential growth phase were negatively stained with 2 % (w/v) phosphotungstic acid and observed under a JEOL JEM-1210 electron microscope.
For isoprenoid quinone, polar lipid and cellular fatty acid methyl ester (FAME) analyses, cells of strain MO-SPC1 T were harvested from a culture grown on DSMZ medium 173. Two reference strains, Spirochaeta isovalerica DSM 2461 T and Spirochaeta litoralis DSM 2029 T , were purchased from the DSMZ and subjected to polar lipid and FAME analyses for comparison. Cells of the reference strains were also grown on DSMZ medium 173. The reference strains were cultured at their optimum growth temperatures. Polar lipids and isoprenoid quinones were extracted from lyophilized cells (approx. 50 mg in total) according to the procedures described by Minnikin et al. (1984) . The polar lipids were separated using two-dimensional TLC followed by spraying with appropriate detection reagents (Minnikin et al., 1984; Komagata & Suzuki, 1987) . Fatty acids of strain MO-SPC1 T and the reference strains were obtained from cell biomass by saponification, methylation and extraction according to the protocol of the Sherlock Microbial Identification System (MIDI, 1999) . For preparation of the sample to determine double-bond positions of unsaturated fatty acids, dimethyl disulfide derivatives were added to the FAMEs (Christie, 1997) . Fatty acid compositions were determined using a Finnigan TRACE DSQ GC-MS system (Thermo Scientific) equipped with a TRACE TR-5MS column (Thermo Scientific) under a helium flow of 1.5 ml min 21 and an oven temperature program increasing from 140 u C (5 min) to 260 u C (5 min) at 4 u C min 21 . The G+C content of the genomic DNA was determined by reversed-phase HPLC with a DNA-GC kit (Yamasa Shoyu) after treatment of the DNA with nuclease P1.
Procedures for DNA extraction, PCR amplification, cloning and sequencing were as described previously (Imachi et al., 2011) . The nearly full-length 16S rRNA gene sequence of the isolate was amplified with bacterial universal primer pair 8f/ UN1490R. The sequence was aligned with a subset of 16S rRNA gene sequences obtained from public databases via the FASTAligner utility of the ARB software (Ludwig et al., 2004) . A phylogenetic tree was reconstructed on the basis of 16S rRNA gene sequences by the neighbour-joining method with the MEGA program package version 5.1 (Tamura et al., 2011) . To estimate the confidence of the tree topologies, bootstrap-resampling analysis with 1000 replicates was performed for neighbour-joining, maximum-parsimony and maximum-likelihood methods by using the MEGA program package.
Carbohydrates, short-chain fatty acids and alcohols were determined by HPLC using a Rezox ROA-Organic Acid Aminex HPX-87H column (Phenomenex; eluent, 0.0025 M H 2 SO 4 ; column temperature, 50 u C), a UV-Vis detector (Shimadzu SPD-10Avp) and a refractive index detector (Shimadzu RID-10A). Molecular hydrogen and carbon dioxide were measured by GC (GL Science model GC-3200; thermal conductivity detector; Shincarbon; column temperature, 100 u C).
To isolate a variety of anaerobic micro-organisms in the bioreactor, an enriched culture of the methanogenic community was inoculated into basal medium containing various substrates in 50 ml serum vials. Of these, on Dglucose at 10 u C, we obtained a culture contained long rodshaped cells as the major population and helical cells that resembled spirochaetes morphologically as a minor population. To identify the microbes present in the enrichment culture, we performed 16S rRNA gene sequence-based clone analysis. The analysis indicated that the most frequently retrieved bacterial phylotype (7 of 8 clones) was very closely related to Sunxiuqinia faeciviva JAM-BA0302 T (GenBank accession no. AB362263; 99.8 % sequence identity), a facultatively anaerobic heterotroph isolated from subseafloor sediment of the same drilling site (Takai et al., 2013) . The remaining bacterial phylotype (1 of 8 clones) was affiliated with the genus Spirochaeta, and its sequence was identical to that of bacterial phylotype 560R_B6, which was retrieved from a methanogenic bioreactor enrichment (Imachi et al., 2011) . To isolate cells of the spirochaete, we used rifampicin as a selective agent (Leschine & Paster, 2010) . After rifampicin was added, no growth was observed. Next, we conducted a roll-tube isolation. Several colonies that had differences in appearance were transferred into liquid medium containing 10 mM glucose. Among them, a liquid culture contained helical, spirochaete-like cells as a dominant population. This roll-tube isolation was repeated twice, and finally the purified spirochaete strain, designated strain MO-SPC1 T , was obtained. Colonies of the strain were yellowish, fluffy, spherical and 0.2-0.3 mm in diameter after 1 month of incubation. The purity of strain MO-SPC1 T was demonstrated by the failure to grow micro-organisms in the following media at 10, 25 and 55 u C: (i) thioglycollate medium (Difco) containing approx. 150 kPa H 2 /CO 2 (in the headspace) plus 10 mM sulfate; (ii) thioglycollate medium (Difco) containing 10 mM sucrose, 10 mM glucose, 10 mM cellobiose and 10 mM xylose; and (iii) AC medium (Difco). In addition, we evaluated purity by the failure to achieve archaeal 16S rRNA gene amplification by PCR with archaeal universal primer pairs Arc9F/Ar912r and Arc9F/UN1490R. This PCR survey also indicated that the culture of strain MO-SPC1 T was axenic.
Cells of strain MO-SPC1 T were helical and 0.25-0.5563.6-15 mm, with a wavelength of 0.5-0.6 mm (Fig. 1) . The cells exhibited regular, not tight coiling with slightly coiled or uncoiled ends. The cells were highly motile by typical helical movement. The cells formed spherical bodies in late-exponential phase cultures (Fig. 1a ). Cells of strain MO-SPC1 T had two periplasmic flagella (Fig. 1b, c) . The arrangement of periplasmic flagella was 1-2-1 (Fig. 1c) . The cells were Gram-staining-reaction negative.
Strain MO-SPC1 T was oxidase-and catalase-negative, and was unable to grow under aerobic conditions, i.e. no growth was observed in sucrose/yeast extract medium in the absence of reducing agents such as sulfide or cysteine. Yeast extract stimulated growth. Strain MO-SPC1 T could utilize the following substrates (10 mM final concentration unless otherwise indicated): D-and L-arabinose, cellobiose, D-fructose, D-galactose, D-glucose, maltose, D-mannose, Dribose, sucrose, trehalose, D-xylose, pectin (0.5 %, w/v), skimmed milk (0.5 %, w/v) and yeast extract (0.1 %, w/v). In medium containing 10 mM glucose, major fermentative end products of the strain were acetate, ethanol, hydrogen and carbon dioxide. The following substrates did not support growth: glycerol, myo-inositol, lactose, D-mannitol, raffinose, D-rhamnose, ribitol, D-sorbitol, L-sorbose, xylitol, lactate, malate, pyruvate, succinate, methanol (5 mM), ethanol (5 mM), arabinogalactan (0.5 %, w/v), Casamino acids (0.5 %, w/v), peptone (0.5 %, w/v), bactotryptone (0.5 %, w/v), glycogen (0.5 %, w/v), inulin (0.5 %, w/v), starch (0.5 %, w/v) and xylan (0.5 %, w/v). In addition, strain MO-SPC1 T did not reduce the following inorganic substances in sucrose/yeast extract medium: sulfate (5 mM), thiosulfate (1 mM), nitrite (1 mM), nitrate (1 mM), fumarate (5 mM) and ferric nitrilotriacetate (5 mM).
Strain MO-SPC1 T grew at 0-18 u C and the optimum growth temperature was 15 u C. The strain grew at pH 6.0-7.5, with optimum growth at around pH 6.8-7.0. The optimum NaCl concentration for growth was 30-40 g NaCl l 21 . Cell growth was observed in the presence of 20 and 70 g NaCl l 21 , but not in the absence of NaCl or in the presence of .80 g NaCl l 21 . The doubling time calculated based on the measurement of OD 600 was about 41 h in a seawater-based medium supplemented with 10 mM sucrose and 0.1 % (w/v) yeast extract (15 u C, pH 7.0). Strain MO-SPC1 T was resistant to ampicillin, bacitracin, neomycin, gentamicin, kanamycin, penicillin G, streptomycin and vancomycin. The strain was susceptible to rifampicin, chloramphenicol and tetracycline.
Polar lipid analysis showed that the strain contained diphosphatidylglycerol, phosphatidylglycerol, unknown phospholipids and an unknown lipid (Fig. S1 , available in the online Supplementary Material). The major cellular fatty acids (.5 % of the total) were C 14 : 0 , C 16 : 0 , iso-C 13 : 0 , iso-C 14 : 0 , iso-C 15 : 0 , anteiso-C 13 : 0 and anteiso-C 15 : 0 (Table 1) . Isoprenoid quinones were not detected. The G+C content of the total DNA was 39.8 mol%. A nearly full-length 16S rRNA gene sequence of strain MO-SPC1 T was determined (1464 bp). Comparative 16S rRNA gene sequence analysis showed that strain MO-SPC1 T was affiliated with the genus Spirochaeta (Fig. 2) . The most closely related cultured members of the genus Spirochaeta to strain MO-SPC1 T were S. isovalerica MA-2 T (sequence identity 95.6 %) and S. litoralis R1 T (89.4 %).
Based on its morphological, physiological and molecular phylogenetic characteristics, strain MO-SPC1 T is proposed to be placed within the genus Spirochaeta. Novel isolate MO-SPC1 T has several phenotypic features common to members of the genus Spirochaeta, e.g. its helical shape, high motility, number of periplasmic flagella, anaerobic growth and saccharolytic, chemo-organotrophic metabolism. However, as shown in Tables 1 and 2, strain MO-SPC1 T was distinct from its closest phylogenetic relatives, the type strains of S. isovalerica and S. litoralis, in its cellular fatty acid composition, growth temperature range, substrate utilization and genomic DNA G+C content. Although several major cellular fatty acids such as C 14 : 0 , C 16 : 0 and iso-C 15 : 0 were common to all three strains, iso-C 13 : 0 and anteiso-C 13 : 0 were found only in the new isolate. To the best of our knowledge, this is the first report of these fatty acids in the genus Spirochaeta. It is unclear whether the different fatty acid profile of the new isolate is related to its psychrophilic way of life, but the relative abundance of anteiso-branched fatty acids (anteiso-C 13 : 0 , anteiso-C 15 : 0 and anteiso-C 17 : 0 represent 17.9 % of the total fatty acid composition) may be connected to the strain's psychrophilic nature (Russell, 1997; Chintalapati et al., 2004; D'Amico et al., 2006) . Further studies are Straight chain C 14 : 0 5.5 7.0 5.5 C 15 : 0 0.3 2 0.3 C 16 : 0 23.1 31.4 13.5 C 18 : 0 1.0 5.8 0.5 C 14 : 1 v9 0.5 2 2 C 16 : 1 v9
1.1 2 0.3 C 16 : 1 v11 2.3 2 2 C 17 : 1 v9 2 2 1.2 Branched chain iso-C 12 : 0 1.1 2 2 iso-C 13 : 0 11.5 2 2 iso-C 14 : 0 6.5 3.9 2 iso-C 15 : 0 21.3 13.2 60.9 iso-C 16 : 0 4.8 4.8 0.6 iso-C 17 : 0 3.0 13.2 14.4 iso-C 18 : 0 2 2.1 2 iso-C 19 : 0 2 0.3 2 anteiso-C 13 : 0 7.3 2 2 anteiso-C 15 : 0 10.0 12.2 2.2 anteiso-C 17 : 0 0.6 5.4 0.8 anteiso-C 19 : 0 2 0.7 2 needed in order to clarify why strain MO-SPC1 T has a unique cellar fatty acid profile, e.g. to test for changes in the fatty acid composition of strain MO-SPC1 T in response to varying temperature and hydrostatic pressure for growth, as these physico-chemical factors have been known to affect the cellular fatty acid composition (Yanagibayashi et al., 1999; Könneke & Widdel, 2003; Kato et al., 2008) . Strain MO-SPC1 T can grow only at 18 u C and below, indicating that it is an obligate psychrophile. Although mesophiles and thermophiles have been described in the genus Spirochaeta, to the best of our knowledge, the obligately psychrophilic growth of strain MO-SPC1 T is the first such example in the genus. Additionally, sensitivity to rifampicin is a unique and important trait of strain MO-SPC1 T . Almost all species of the phylum Spirochaetes tolerate rifampicin, and rifampicin has often been used as a selective agent for isolation of spirochaetes (Leschine & Paster, 2010; Norris et al., 2010; Stanton, 2010) . In addition to its physiological characteristics, 16S rRNA gene sequence analysis also suggests that strain MO-SPC1 T should be separated taxonomically from all known species of the genus Spirochaeta.
On the basis of these phenotypic and genotypic characteristics, we propose a novel species of the genus Spirochaeta, with the name Spirochaeta psychrophila sp. nov. Furthermore, an emended description of the genus Spirochaeta is also proposed, as a result of the obligately psychrophilic nature of the novel species and its low DNA G+C content.
Emended description of the genus Spirochaeta Ehrenberg 1835 emend. Pikuta et al. 2009 The description of the genus is as given by Canale-Parola (1984) and as emended by Pikuta et al. (2009) , with the following further modifications. Psychrophilic, mesophilic and thermophilic species are known. Optimum temperature range is 15-68 u C. Genomic DNA G+C content is 39-65 mol%.
Description of Spirochaeta psychrophila sp. nov.
Spirochaeta psychrophila (psy.chro9phi.la. Gr. adj. psychros cold; Gr. adj. philos loving; N.L. fem. adj. psychrophila coldloving).
Strictly anaerobic and obligately psychrophilic organism. Cells are 0.25-0.55 mm in diameter and 3.6-15 mm long. Cells are Gram-stain-negative with typical helical movement. Two periplasmic flagella per cell. The optimal temperature for growth is 15 u C; growth occurs at 0 and 18 u C, but not above 20 u C. Optimal growth occurs in the presence of 30-40 g NaCl l 21 ; growth occurs in the presence of 20 and 70 g NaCl l 21 , but not without NaCl or in the presence of .80 g NaCl l 21 . Optimal growth at pH 6.8-7.0; growth occurs at pH 6.0 and 7.5, but not at pH 5.5 or 8.0. Catalase-and oxidase-negative. The following substrates are utilized: D-and L-arabinose, cellobiose, D-fructose, Dgalactose, D-glucose, maltose, D-mannose, D-ribose, sucrose, trehalose, D-xylose, pectin, skimmed milk and yeast extract. The dominant cellular fatty acids are C 14 : 0 , C 16 : 0 , iso-C 13 : 0 , iso-C 14 : 0 , iso-C 15 : 0 , anteiso-C 13 : 0 and anteiso-C 15 : 0 . The major polar lipids are diphosphatidylglycerol, phosphatidylglycerol, unknown phospholipids and an unknown lipid.
The type strain is strain MO-SPC1 T (5JCM 17280 T 5DSM 23951 T ), isolated from marine subsurface sediments collected off the Shimokita Peninsula of Japan, in the northwest Pacific Ocean (site C9001; 41 u 10.63899 N 142 u 12.0819 E, 1180 m water depth). The genomic DNA G+C content of the type strain is 39.8 mol% (determined using HPLC). Table 2 . Differential phenotypic characteristics of strain MO-SPC1 T , S. isovalerica MA-2 T and S. litoralis R1 T Strains: 1, MO-SPC1 T (data from this study); 2, S. isovalerica MA-2 T (unless indicated, data from Harwood & Canale-Parola, 1983) ; 3, S. litoralis R1 T (Hespell & Canale-Parola, 1970) . +, Growth; 2, no growth; W, weak growth; ND, no data available.
Characteristic 1 2 3
Cell size (mm) 0.25-0.5563.6-15 0.4610-15* 0.4-0.565.5-7.0 Optimum temperature (range) ( u C) 15 (0-18) 30 (15-37)D 30 (15 to ,40) Optimum pH (range) 6.8-7.0 (6.0-7.5) 8.0-8.2 (7.0-8.2)D 7.0-7.5 (ND) Optimum NaCl concentration (range) (g l 21 )
30-40 (20-70) 11.7-17.5 (ND) 20.5 (¢2.9) Substrate utilization
Lactose 2 Sulfide-containing marine mud *Shorter and longer cells (6-50 mm) were also observed.
DData were obtained in this study. dData obtained by using the T m method by Breznak & Canale-Parola (1975) and the buoyant density (Bd) method by Hespell & Canale-Parola (1970) .
